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INTRODUCTION
Environmental barrier coatings (EBCs) have been developed to protect SiC-based ceramic components in gas turbine engines from high temperature environmental attack [1] [2] [3] [4] [5] . With continuously increasing demands for significantly higher engine operating temperature, future EBC systems must be designed for both thermal and environmental protection of the engine components in gas turbine combustion environments [6] . In particular, thermal barrier functions of EBCs become necessary for reducing the engine component thermal loads and chemical reaction rates, while still maintaining required mechanical properties and durability of these components. The advances in thermal and environmental barrier coating (TBC and EBC) development will directly impact the successful use of ceramic components in advanced engines.
In order to develop high performance ceramic coating systems, advanced high-heat-flux test approaches need to be established. The high-heat-flux test rigs will not only be able to heat the coating surface to significantly higher temperatures (e.g., 1500°C to 1650°C), but will also establish a large thermal gradient across the coating thickness. In this way, the coating/substrate interface and the substrate can be maintained below a safe temperature limit. The coating operating temperature and stress conditions can also be more realistically simulated during such a test.
The laser high-heat-flux test rigs were developed for durability testing of thermal barrier coatings [7] [8] [9] [10] [11] [12] [13] . The coating thermal conductivity and sintering properties can be measured in real-time from this kind of test. In addition, coating delaminations can be monitored as a function of cycles from the observed thermal conductivity variations because coating delamination cracking causes a decrease in the measured thermal conductivity. The laser approach has also been demonstrated in evaluating environmental barrier coatings on SiC/SiC substrates [14] .
In this study, the laser high-heat-flux based technique has been employed to investigate thermal cyclic behavior of a multi-layered ZrO 2 -8wt%Y 2 O 3 , and EPM bond coat type mullite + barium-strontium-aluminosilicate (BSAS) mixture/Si TBC/EBC system on SiC/SiC ceramic matrix composite substrates. In some cases, the laser thermal gradient tests in ambient air were combined with furnace thermal cyclic tests in water-vapor environments for testing the coating specimens, providing information about the water-vapor effects on coating failure. The coating thermal conductivity, sintering, cracking and delamination were evaluated during the thermal cycling tests. Coating failure mechanisms are discussed based on the cyclic test results and are correlated with the sintering, creep, and thermal stress behavior as a function of the test temperature and heat flux conditions.
EXPERIMENTAL
Plasma-sprayed ZrO 2 -8wt%Y 2 O 3 thermal and mullite+BSAS/Si environmental barrier coatings on SiC/SiC ceramic matrix composites were investigated in this study. The EBC systems, namely, mullite and BSAS mixture layer and Si bond coat, were air plasma-sprayed (APS) onto the 25.4 mmdiameter and ~2.1 mm-thick melt infiltrated (MI) SiC/SiC ceramic composites substrates on a hot stage of a furnace in order to ensure crystalline phases of these coating materials. The top ZrO 2 -8wt%Y 2 O 3 coating was then deposited using a conventional APS technique. The nominal thicknesses of the coating system are listed in Table 1 . Thermal gradient cyclic testing of the ceramic coating materials was carried out using a 3.0 kW CO 2 laser (wavelength 10.6 micron) high-heat-flux rig. The general test approaches have been described elsewhere [10, [14] [15] [16] . In this laser heat flux test, coating surface heating was provided by the laser beam and backside air cooling was used to maintain the desired specimen temperatures. A uniform laser heat flux was obtained over the 23.9 mm diameter aperture region of the specimen surface by using an integrating ZnSe lens combined with specimen rotation. Platinum wire flat coils (wire diameter 0.38 mm) were used to form thin air gaps between the top platinum-coated stainless-steel plate and bottom stainless-steel back plate to minimize specimen heat loss through the fixture. During the laser thermal cycling test, the coating surface temperature was measured by an 8 µm infrared pyrometer and the backside CMC surface was measured by a two-color pyrometer. The real-time thermal conductivity of the coating system can also be obtained by measuring the temperature difference across the coating system.
The TBC/EBC coatings were thermal cycled in ambient air under the laser imposed thermal gradients. The surface was tested at approximately 1482°C, and the coating/substrate interface temperature was at 1250°C or 1300°C. Thermal conductivity of the ceramic coating system was also monitored as a function of the laser cycle number using the steady-state laser heat flux test approach [10, [14] [15] [16] [17] . Some coating specimens were also subjected to alternating laser thermal gradient cycling tests in air and furnace thermal cycling tests in a 90%H 2 O-balance O 2 water vapor environment at 1300°C. The laser thermal cyclic tests were conducted using either 30 or 60 min hot time temperature cycles, but all with 3 min cooling between each cycle to ensure that the test specimens were cooled below 100°C. Furnace cyclic tests consisted of 60 min high temperature heating and 20 min cooling cycles.
RESULTS

Thermal Conductivity
Fig . 1 shows the thermal conductivity of a 0.58 mm thick ZrO 2 -8wt%Y 2 O 3 /mullite+BSAS coating system during a 20 hr steady-state test under the laser high-heat-flux conditions. The coating had an initial conductivity about 1.7 W/m-K. After laser thermal exposure at 1482°C surface temperature and 1250°C coating/substrate interface temperature, the average coating conductivity value increased to 2.35 W/m-K in about 3 hours. The conductivity then decreased with the test time. At the end of the 20 hours, the coating conductivity was about 1.9 W/m-K.
This coating specimen was further subjected to a combined test consisting of both furnace thermal cycling in a 90% water vapor environment and laser thermal gradient cycling in air. The coating thermal conductivity was measured in-situ during the laser portion of the thermal cyclic test, and the results are shown in Fig. 2 . It can be seen that the alternating furnace and laser thermal cyclic tests resulted in significant coating thermal conductivity variations (i.e. large conductivity increases or decreases). The coating conductivity changed from the highest value 2.3 W/m-K during the first laser test cycle to about 1.5 W/m-K after the 400 combined laser and furnace cyclic tests. After exposure for the first 50 furnace cycles, the coating thermal conductivity increased from 1.9 W/m-K (measured after the first 20 hr laser testing) to 2.1 W/m-K. During subsequent 50 laser test cycles, the coating conductivity first increased to about 2.2 W/m-K, and then generally decreased as the cycles increased, dropping down to about 2.0 W/m-K at the end of the laser test cycles. During the rest of the furnace and laser thermal cycles, the overall coating conductivity showed a general trend to decrease with further thermal cycling. The largest conductivity reduction (~17% reduction) was observed after the second 50 furnace cycles. The thermal conductivity changes after each segment of laser or furnace cycling are illustrated in Table 2 . Fig . 3 shows the measured thermal conductivity of a 0.58 mm thick ZrO 2 -8wt%Y 2 O 3 /mullite+BSAS coating system as a function of cycles using only the laser thermal gradient cyclic test. The laser test conditions for this specimen were the same as that for the specimen which was tested with the combined laser and furnace tests, i.e., surface and interface temperatures of 1482°C and 1250°C, respectively, and with 1 hr hot time cycles. The test results showed that the average coating conductivity for this specimen also increased to about 2.3 W/m-K during first several cycles. However, the specimen exposed only to the laser cycling exhibited a monotonic decrease in coating conductivity after the conductivity reached a peak value of 2.3 W/m-K. The coating thermal conductivity remained relatively unchanged after 40 hr laser testing. The coating conductivity had a higher value of 1.8 W/m-K after the 134 cycles of the laser thermal gradient cyclic testing, as compared to the previous laser and furnace tested specimen that had a conductivity of 1.6-1.7 W/m-K after the same number of test cycles. Fig. 4 shows the thermal conductivity of a 0.58 mm thick ZrO 2 -8wt%Y 2 O 3 /mullite+BSAS coating systems as a function of cycles using only the laser thermal gradient cyclic test at a higher interface test temperature of about 1300°C and a 30 min shorter hot cycle time. The surface test temperature was still maintained at about 1482°C. Note in Fig. 4 that more conductivity variations were observed in this test than in the laser testing conducted at a lower interface temperature. It can be seen that the coating reached a peak conductivity value of about 2.25 W/m-K after about 5 cycles, decreased to about 1.85 W/m-K after 25 cycles, then increased again to about 2.1 W/m-K after 70 laser cycles. Further testing resulted in a conductivity reduction, reaching about 1.65 W/m-K after 200 laser cycles. A similar conductivity reduction (from 2.3 W/m-K to 1.6 W/m-K) was observed for the combined laser and furnace cyclic test after total 200 cycles, but it took twice as long because 60 min cycling was used for the laser and furnace combined cycle tests. The accelerated conductivity reduction (the same amount of conductivity reduction in less time) was observed for the more frequent cycle test (30 min cycle test) as compared to the 60 min cycle tests. 
Failure Modes
The coating failure modes were investigated during the laser and combined laser/furnace cyclic tests. Fig. 5 shows typical coating surface and cross-section cracking morphologies after the laser high thermal gradient tests. As shown in Fig. 5  (a) , extensive "mud-flat" cracking was developed on the coating surface after 134 cycles laser testing (60 min hot time laser cycling). The size of the major surface crack segments typically ranged from 0.5 to 1 mm. This typical surface cracking pattern was observed for all the tested specimens. Surface cracking was found to occur even at early stages of the laser testing (e.g., after the 20 hr laser steady-state cycle test), although the crack widths and crack density usually increased with test cycles. From the cross-section micrographs of the tested coating specimen shown in Fig. 5 (b) , it can be seen that the surface cracks tended to be wedge-shaped, with the larger crack opening widths near the coating surface and within the ZrO 2 -8wt%Y 2 O 3 layer. The cracks that initiated from the coating surface extended deeply into the mullite and BSAS mixture layers under the thermal cyclic loading, resulting in severe EBC coating damage and the subsequent overall TBC/EBC coating delamination.
The spallation morphologies of the 25.4 mm diameter coating specimens were captured using a fast-speed video camera during the laser testing, as shown in Fig. 6 . Because the delaminated coatings will show a higher brightness contrast due to higher surface temperatures under the laser heating conditions, the bright regions in the captured images represented the delaminated and spalled coatings. Fig. 6 (a) shows the coating failure image after 400 cycles of the combined laser and furnace cyclic tests (60 min hot time cycles, laser test surface and interface temperatures at 1482°C and 1250°C, respectively, and furnace test temperature at 1300°C). It can be seen that besides coating spallations in the middle region of the specimen, extensive coating delaminations and spallations also occurred near the specimen edges because the exposure of the entire specimen during the furnace thermal cycles resulted in severe edge stress concentration and thus edge crack initiation. Fig. 6 (b) shows the coating spallation image of the laser cyclic tested specimen without furnace exposure (30 min hot cycles, laser test surface temperature 1482°C and interface temperature of 1300°C). For this specimen, the edge cracking was suppressed because the laser aperture top plate effectively shielded the coating edges and thus more or less prevented the coating edge failure. The coating had large spalled areas primarily near the center of the specimen.
It should be noted that the coating failure observed under the present testing was still at the relatively early stages where some large isolated coating pieces about several millimeters (up to 9-10 mm) in size were delaminated and later spalled off. The laser testing was interrupted to avoid further catastrophic spallation and possible melting of the coatings due to laser heating (as has been observed in some of early tests) in order to preserve better evidence for investigating coating failure mechanisms.
DISCUSSION
For both the laser and combined laser/furnace tested specimens, initial thermal conductivity increased considerably due to coating sintering. Increased thermal conductivity for ZrO 2 -8wt%Y 2 O 3 thermal barrier and Si-based environmental barrier coatings has been experimentally demonstrated [10, [14] [15] [16] . The modeled thermal conductivity increases for a ZrO 2 -8wt% Y 2 O 3 coating as a function of time and temperature using the previous test data are shown in Fig. 7 . It should be pointed out that the data were measured for the ZrO 2 -8wt% Y 2 O 3 coating material at a lower temperature regime (1000-1300°C), and the extrapolation to higher temperatures may be considered qualitative and should be used with great caution. Nevertheless, the results show that a very fast conductivity increase is expected for ZrO 2 -8wt%Y 2 O 3 coating system at all the test temperatures.
For BSAS and mullite/BSAS environmental barrier coatings, it has been reported that the combined laser cyclic test in air and furnace cyclic test in water vapor caused faster coating sintering and more conductivity increases at the initial cyclic stage than the laser thermal cycling test in air [14] . In the present study, the combined laser and furnace tests resulted in higher overall conductivity increases in the first 100-120 cycles for the TBC/EBC system as compared to the laser tests in air, which is consistent with the previous observations. The enhanced coating sintering under the combined laser and furnace cycle tests may be attributed to the enhanced sintering of the ceramic coatings at the higher test interface temperature and the enhanced EBC sintering due to faster silica formation in the water vapor environments during the furnace cyclic test [17] .
The coating conductivity decreases observed under cyclic testing are primarily due to coating cracking and delaminations. The processes are complex in nature and are related to the coating sintering-creep (a time-and temperature-dependent process) and cyclic fatigue (a cycle frequency dependent process) under thermal cycling conditions. It should be mentioned that the conductivity decrease was observed in the first 20 hr steady-state laser testing, indicating possible crack formation and coating delamination due to the large sintering shrinkage at high temperature before the first cooling cycle. After the laser cyclic testing, extensive surface cracks developed. The wedge-shaped cracks are often generated due not only to the ceramic coating sintering and creep at high temperature under the laser testing [8] , but also to the thermal expansion mismatches between the coating layers and the substrate [17] . Thus, one can correlate the cracking morphologies to the laser thermal gradients and cyclic conditions, and predict the surface crack evolution as a function of time [8] . The sintering part of the shrinkage for ZrO 2 -8wt%Y 2 O 3 in the absence of a compressive stress creep was demonstrated in a dilatometer test [17] . The results are shown in Fig. 8 . It can be seen that the coating shrinkage strain was about 1.05% after 76 hr isothermal testing at 1500°C. The very fast initial increase in the sintering shrinkage strain will result in the formation of the surface cracks in relatively short test times. Once the surface cracks are formed, the coating delamination cracks will then be initiated and propagated under the cyclic thermal stresses originating from further sintering-creep shrinkages, and the thermal expansion mismatch between the ZrO 2 -8wt%Y 2 O 3 topcoat, and the Si-based EBCs and CMC substrate during the testing [17] . The conductivity variations during the laser tests are attributed to a competing process of the sintering related crack healing, and new crack formation and crack propagation under thermal cycling conditions.
More severe coating delaminations, as indicated by lower apparent coating conductivities, were observed for the specimen under the combined furnace water vapor and laser cyclic test conditions and for the specimen tested under a higher interface temperature with shorter cycle times. It was previously reported that water vapor had a detrimental effect on EBC coating durability by promoting coating/substrate interfacial pore formation for the current EBC systems under the combined laser thermal gradient (tested at surface and interface temperatures of 1482°C and 1300°C) and furnace water vapor (tested at 1300°C) cyclic testing conditions [14] , which leads to faster coating conductivity reductions under the laser thermal cyclic testing. The surface vertical cracks penetrating through the TBC/EBC system will further accelerate coating degradation. When large enough sized pores or cracks are generated under the thermal cycling tests, the crack healing process will become less favorable or even impossible at the test temperatures. The higher interface test temperature, which may enhance the initial coating sintering and crack healing, will later result in more coating interface damage and weak interface bonding. As a result of this, substantial coating delamination and spallations were observed for the specimen tested under the combined laser cycling in air and furnace cycling in water vapor environments. Similarly, for the short cycle time tested specimens, the crack healing process is also less favorable because of the shorter hold time; more accumulated coating damage due to the more frequent cycles and the weakened interface from the higher interface temperature led to an accelerated coating delamination as observed in the experiments. The accelerated damage with increasing cycle frequency under more frequent cycle test (30 min cycle test) also suggests a possible cyclic fatigue effect besides the time dependent sintering-creep effect for the TBC/EBC coating systems. 
CONCLUSIONS
A laser heat flux test approach has been developed to investigate the thermal conductivity and cyclic behavior of plasma-sprayed ZrO 2 -8wt%Y 2 O 3 thermal barrier and BSAS+mullite/Si environment barrier layered coatings on SiC/SiC ceramic matrix composites under thermal gradient cyclic conditions. The furnace water vapor cyclic tests were also incorporated into the laser cyclic tests to investigate the combined effect of water vapor exposure and thermal gradient cycling on coating conductivity and failure. For both the laser and combined laser-furnace tested specimens, thermal conductivity initially increased due to the coating sintering. The coating conductivity later decreased under the further cyclic testing due to the coating cracking, delamination and spallation. The failure of the coating system can be characterized as wedge-shaped surface coating cracking, surface crackingenhanced coating delamination and interface debonding and spallation under the thermal cyclic loading. Enhanced coating sintering and coating delaminations were observed for the specimen under the combined laser cyclic and furnace water vapor test conditions. The accelerated coating delamination with increasing interface test temperature and cycle frequency was also observed for the TBC/EBC coating system.
